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1. 

IMAGE DISPLAY APPARATUS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to an image display appara 

tus. The image display apparatus according to the present 
invention is suitable for, for example, ahead-mounted display 
(HMD) and eyeglass displays. 

2. Description of the Related Art 
Various image viewing apparatuses (image display appa 

ratuses) that are worn on the head and allow image informa 
tion displayed on an image display device (e.g., liquid-crystal 
display device) to be viewed as an enlarged virtual image, 
so-called head-mounted displays (HMDs), have been pro 
posed. 

Head-mounted image display apparatuses need to allow a 
viewer to view a realistic image with a wide angle of view and 
have a compact lightweight structure. 
Among Such apparatuses, a HMD that uses a reflective 

liquid-crystal display device is known (see, for example, 
Japanese Patent Laid-Open No. 2001-166252, No. 
11-125791 (corresponding to U.S. Pat. No. 6,333,820), No. 
11-3378.63 (corresponding to U.S. Pat. No. 6,023.373), No. 
2000-01.0041, and No. 2002-244076 (corresponding to U.S. 
Pat. No. 7,081999). 

With recent advances in high-definition liquid-crystal dis 
play devices, liquid-crystal display devices that have as many 
pixels as, or even more than, existing displays while at the 
same time being more miniaturized than existing displays are 
being developed. 

In order to enable a realistic image with a wider angle of 
view to be displayed using a miniaturized liquid-crystal dis 
play device, it is necessary to increase the magnification of a 
display optical system. However, an increase in magnification 
leads to an increase in size of the optical system, and inevi 
tably, this tends to an increase in the size of the entire structure 
of the apparatus. 

To miniaturize the optical system while attaining a wide 
angle of view and enabling display of a high-definition image, 
an effective way is to use a decentered optical system includ 
ing an optical element that has a rotationally asymmetric 
Surface. 

However, the use of a decentered optical system is prone to 
cause luminance non-uniformity in an image viewed at an 
exit pupil of the display optical system. 

Additionally, the ratio of light incident on the exit pupil at 
a viewer side to light that has been optically modulated by a 
liquid-crystal display device after having emerged from an 
illumination unit is reduced, and the efficiency of illumina 
tion tends to be decreased. 

Therefore, in order to miniaturize the entire optical system 
and also enable a high-definition image with a wide angle of 
view to be obtained, an important factor is to appropriately set 
the structure of an illumination optical system for illuminat 
ing a liquid-crystal display device and the structure of a 
display optical system that guides light from the liquid-crys 
tal display device to an exit pupil at a viewer side. 

SUMMARY OF THE INVENTION 

An image display apparatus according to an aspect of the 
present invention includes an image display unit, a light 
Source unit, an illumination optical system configured to 
guide light from the light source unit to the image display 
unit, and a display optical system configured to guide light 
from the image display unit to a viewer. In this image display 
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2 
apparatus, the optical Surface that receives light from the light 
emitting device of the light source unit has intentional uneven 
luminance distribution and/or diffusion directivity varying in 
accordance with a position on the optical Surface. 

Further features and aspects of the present invention will 
become apparent from the following description of exem 
plary embodiments (with reference to the attached drawings). 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an illustration of an example optical system in an 
image display apparatus according to a first embodiment of 
the present invention. 

FIG. 2 illustrates a portion of the optical system shown in 
FIG 1. 

FIGS. 3A and 3B illustrate a portion of the optical system 
shown in FIG. 1 according to variations. 

FIGS. 4A to 4D illustrate a portion of the optical system 
shown in FIG. 1 according to other variations. 

FIG. 5 illustrates a portion of the optical system shown in 
FIG. 1 according to another variation. 

FIG. 6 illustrates a portion of the optical system shown in 
FIG. 1 according to another variation. 

FIG. 7 is an illustration of an example optical system in an 
image display apparatus according to a second embodiment 
of the present invention. 

FIG. 8 illustrates a portion of the optical system shown in 
FIG. 7. 

FIG. 9 is an illustration of an example optical system in an 
image display apparatus according to a third embodiment of 
the present invention. 

FIG.10 illustrates a portion of the optical system shown in 
FIG. 9. 

FIG. 11 illustrates a portion of the optical system shown in 
FIG. 9 according to a variation. 

FIG. 12 is an illustration of an example optical system in an 
image display apparatus according to a fourth embodiment of 
the present invention. 

FIG. 13 illustrates a portion of the optical system shown in 
FIG. 12. 

FIG. 14 is an illustration used for comparison with an 
illumination unit according to an embodiment of the present 
invention. 

FIG. 15 is an illustration used for comparison with the 
illumination unit according to an embodiment of the present 
invention. 

FIG. 16 is an illustration used for comparison with the 
illumination unit according to an embodiment of the present 
invention. 

DESCRIPTION OF THE EMBODIMENTS 

Various embodiments, features and aspects of an image 
display apparatus according to the present invention will 
herein be described below with reference to the drawings. 

First Exemplary Embodiment 

FIG. 1 is a schematic diagram that illustrates a main portion 
of a head-mounted display being an image display apparatus 
according to a first embodiment of the present invention. 
Optical data for the first embodiment will be shown in a first 
numerical example below. 

Referring to FIG. 1, an optical element 1 is a prism that 
includes a transparent medium with three optical Surfaces. 
The transparent medium has a material refractive index of 
greater than one. The optical element 1 has surfaces (optical 
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surfaces) A, B, and C. The surface A includes of surfaces S2, 
S4, and S6 on an optical path. That is, the surfaces S2, S4, and 
S6 are flush with each other. The surface B includes surfaces 
S3 and S7 on an optical path. That is, the surfaces S3 and S7 
are flush with each other. The surface C is a surface S5 on an 
optical path. The optical element 1 having the three Surfaces 
A, B, and C according to the present embodiment may have 
more than three optical Surfaces. 

It is noted that each of the surfaces A, B, and C is a 
refractive and/or reflective surface having a curvature. The 
surface B is a half-mirror surface. 
An optical element 2 is a prism having a transparent 

medium with two optical surfaces (surfaces S8 and S9). The 
transparent medium has a material refractive index of greater 
than one. Each of the surfaces S8 and S9 is a refractive surface 
having a curvature. The optical elements (prisms) 1 and 2 are 
joined together at the surfaces S7 and S8. 
A lens element (optical element) 3 has surfaces S10 and 

S11. A lens element (optical element) 4 has surfaces S12 and 
S13. The surfaces S11 and S12 are attached together, and the 
lens elements 3 and 4 form a cemented lens 34. 
A lens element (optical element) 5 has surfaces S14 and 

S15. A planar element 6 has two planes (surfaces S16 and 
S17). 
The planar element 6 is bonded to a polarizer 7. A cylin 

drical lens element 8 has a surface S18 and a surface S19 
(flush with a surface S23, which will be described below). 
Each of the surfaces S18 and S19 is of a decentered rotation 
ally asymmetrical shape. The surface S19 is a transmissive/ 
reflective surface (half-mirror surface). 
A reflective LCD (liquid-crystal display device) 10 is used 

as an image display unit configured to display an image. 
Surfaces S20, S22 and S21 are surfaces that constitutes a 
coverglass. The Surface S21 corresponds to a display Surface 
of the LCD 10. 
A light source unit 30 emits light from a light emitting 

device disposed in the light source unit 30. Light emerging 
from an optical surface S24 being a diffusing surface of the 
light source unit 30 passes through a polarizer 14, is reflected 
by the surface S23, and is then incident on the LCD 10. The 
surface S23 is flush with the surface S19 of the cylindrical 
lens element 8. That is, the surface S19 of the cylindrical lens 
element 8 (surface S23) functions as a part of an illumination 
optical system. 
An exit pupil S1 disposed at a viewer side is positioned 

corresponding to an eye of the viewer. Each of all surfaces of 
the optical elements other than the cemented lens 34 and the 
cylindrical lens element 8, i.e., of the optical elements 1 and 
2 and the lens element 5 is symmetrical with respect to only 
the Surface of the drawing (y-Z plane) (rotationally asymmet 
ric Surface). 

Light emerging from the optical Surface S24 of the light 
Source unit 30 is linearly polarized when passing through the 
polarizer 14 and is then reflected by the surface S23 of the 
cylindricallens element 8, and the reflected light is directed to 
the LCD10. The light is obliquely incident on the surface S20 
of the reflective LCD 10 and then obliquely reflected from the 
surface S21. The reflected light passes through the surface 
S22 (flush with the surface S20), enters the cylindrical lens 
element 8 from the surface S19, and then exits from the 
surface S18. The light passes through the polarizer 7, enters 
the planar element 6 from the surface S17, and exits from the 
surface S16 toward the lens element 5. 
At this time, because the polarization direction of the light 

linearly polarized by the polarizer 14 is rotated in the liquid 
crystal, the polarizer 7 is set in a direction that allows the light 
with the rotated polarization direction to pass therethrough. 
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4 
When the direction of linear polarization of the polarizer 7 is 
displaced approximately 90° from the direction of linear 
polarization of the polarizer 14 (the rotation of the polariza 
tion direction in the liquid crystal is approximately 90°), light 
that passes through the surface S19, without being reflected 
therefrom, after having been linearly polarized by the polar 
izer 14 (ghost light) is present. However, the ghost light is 
blocked by the polarizer 7, so the ghost light does not reach 
the exit pupil (eye) S1. 

Light entering the lens element 5 from the surface S15 exits 
from the surface S14 and then enters the lens element 4 from 
the surface S13. The light entering the lens element 4 passes 
through the joined surface S12 (of the lens element 4) and 
surface S11 (of the lens element 3) and exits from the surface 
S10 toward the optical element 2. 
A stop 60 is disposed between optical element 2 and optical 

element 3 at the pupil image plane (which will be described 
later in the specification). 

Light entering the optical element 2 from the surface S9 
passes through the joined surface S8 (of the optical element 2) 
and surface S7 (of the optical element 1) and is then incident 
on the optical element 1. Light incident on the surface B 
(surface S7) of the optical element 1 is reflected by the surface 
A (surface S6) and is then guided to the surface C (surface 
S5). The light incident on the surface C (surface S5) under 
goes a fold reflection, which will be described below, in a 
direction Substantially opposite to the incidence direction and 
travels in the direction opposite to the light before being 
reflected by the surface C. The light reflected from the surface 
C (surface S5) is reflected by the surface A (surface S4) again, 
reflected by the surface B (surface S3) again, and exits from 
the surface A (surface S2) toward the exit pupil S1. 
At this time, an intermediate image plane of a displayed 

image is formed at a position 1a in the optical element 1. 
In this exemplary structure, an intermediate image is 

formed between reflection from the surface S6 and reflection 
from the surface S5. However, it is not necessarily required to 
form the intermediate image therebetween. 

Surfaces interacting with between reflection of a pencil of 
rays at the surface S5 downstream of the intermediate image 
plane 1a and exiting of the pencil of rays from the surface S2 
(surfaces S5, S4, S3, and S2) correspond to an eyepiece 
optical system. The optical system (elements 2 to 8) disposed 
between other portions of the optical element 1 (surfaces S7 
and S7) and the cover glass (surfaces S20 and S21) of the 
LCD 10 corresponds to a relay optical system. 
The relay optical system (surfaces S7 and S6 and elements 

2 to 8) and the eyepiece optical system constitute a display 
optical system. 
The surface S3, functioning as the final reflective surface, is 

concave with respect to the Surface S2, functioning as an 
emergent Surface, (with respect to the image display device 
side) and forms a concave mirror having a strong power. 
Because it is difficult for the eyepiece optical system to fully 
correct aberration alone, an intermediate image is formed 
Such that the intermediate image plane 1a is formed in Such a 
way that aberration in the eyepiece optical system is cancelled 
by the relay optical system. More specifically, an intermedi 
ate image is formed on the intermediate image plane So as to 
be curved, have anastigmatic difference, or the like, depend 
ing on conditions occurring in the eyepiece optical system, 
Such as curvature of field or astigmatism. This improves 
image quality of a finally viewed image. 

Reflection at the surface S4 can be internal total reflection 
in the optical element 1. In this case, the loss of the amount of 
light is reduced. A pencil of rays to be reflected can be totally 
reflected in at least an area shared by both a pencil of rays 
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exiting from the surface S2 and a pencil of rays reflected from 
the surface S4. This can achieve a higher degree of flexibility 
in design while obtaining Substantially the same brightness, 
compared with a case in which all rays to be reflected are 
totally reflected. In this case, refection that does not depend 
on internal total reflection at the surface S4 is caused by a 
reflective film (e.g., aluminum or silver film). Reflection at 
the surface S5 is caused by a reflective film. 

In the optical element 1, light passes through, in sequence, 
the surface B (S7), the surface A (S6), the surface C (S5), the 
surface A (S4), the surface B (S3), and the surface A (S2). A 
path is divided at the surface C into a forward pathway of the 
surface B (S7) to the surface A (S6) to the surface C (S5) and 
a backward pathway of the surface C (S5) to the surface A 
(S4) to the final reflective surface B (S3). The backward 
pathway follows the forward pathway in reverse. 
A surface that has the function of switching from a forward 

pathway to a backward pathway (fold reflection), like the 
surface C, is referred to as a “fold surface,” which previously 
described. 

In this way, the optical pathis folded back at the plurality of 
decentered reflective surfaces A, B, and C, and the forward 
pathway and the backward pathway Substantially overlap 
each other. Therefore, along optical path length is accommo 
dated in the small optical element 1. This can miniaturize the 
entire display optical system. 
When the fold surface C reflects incident light, an angle 

between light incident on the fold surface C and light exiting 
therefrom is represented by 0. The angle 0 can satisfy the 
following condition: 

If this condition is not satisfied, an optical pathdownstream 
offold reflection (backward pathway) does not exactly follow 
the forward pathway in reverse but is rathera ZigZag pathway. 
This results in an increased size of the optical element 1. The 
angle 0 can satisfy the following condition: 

If the conditional expression (2) is not satisfied, light can 
return, but the forward pathway and the backward pathway 
cannot overlap each other. This results in an increased size of 
the optical element 1, and therefore, it is difficult to miniatur 
ize the entire display optical system or the entire image 
pickup optical system. The angle 0 can satisfy the following 
condition: 

If the conditional expression (3) is satisfied, further minia 
turization is easy. 

According to a definition in an existing system that does 
not support a decentered system, a coordinate system is rep 
resented relative to the vertices of optical surfaces, the Z-axis 
is an optical axis, the y-Z plane is a meridional plane, and the 
X-Z plane is a Sagittal plane. 

In contrast, since the first embodiment uses a decentered 
system, a local meridional plane and a local Sagittal plane that 
support the decentered system are newly defined below. 
The local meridional plane is defined as a plane that con 

tains incident light and emergent light of a center ray corre 
sponding to an angle of view at a hit point (incident position) 
of the center ray corresponding to an angle of view on each of 
the Surfaces. The local Sagittal plane is defined as a plane that 
contains the hit point, is perpendicular to the local meridional 
plane, and is parallel to a Sagittal plane in a coordinate system 
of the vertices of optical Surfaces (normal Sagittal plane). The 
curvature in the vicinity of the hit point of the center ray 
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6 
corresponding to an angle of view on each of the Surfaces is 
calculated, and the radius of curvature on the local meridional 
plane with respect to the center ray corresponding to an angle 
of view is defined as “ry', and the radius of curvature in the 
local sagittal plane is defined as “rx.’ 
How to read optical data in the numerical examples will 

now be described. The leftmost item “SURF denotes a sur 
face number in the order in which light passes through the 
surface, counting from the LCD 10. 
“X” “Y” and “Z” denote the positions (x,y,z) of the verti 

ces of each surface in a coordinate system defined by the 
y-axis and the Z-axis illustrated in the drawing and the X-axis 
being directed toward the far side of the drawing where the 
center of the first surface S1 is the origin point (0,0,0). “A” 
denotes the rotation angle a (unit: degree) about the X-axis 
where the counterclockwise direction in the drawing is the 
positive direction. The item “typ’ represents the type of a 
surface shape. In the item “typ. SPH denotes a spherical 
Surface, FFS denotes a rotationally asymmetric Surface, and 
CYL denotes a cylindrical surface that has a refractive power 
only in the meridional plane. 
The rotationally asymmetric surface FFS according to the 

numerical examples is defined by the following equation: 

The item “R” denotes the radius of curvature. For the 
cylindrical surface, the radius of curvature in the meridional 
plane, ry, is entered. 

In the column of “typ’, a numerical value attached to FFS 
indicates that the Surface has a rotationally asymmetric shape 
corresponding to aspherical coefficients k and c described 
below each Table. The value of c that is not described is 
ZO. 

Ndand vid represent a refractive index and an Abbe number 
of the medium downstream of the surface for ad-line wave 
length, respectively. A change in the sign of the refractive 
index N indicates that light is reflected at the surface. 
When the medium is an air layer, only the refractive index 

Nd is expressed as 1.0000, and the Abbe number vd is omit 
ted. 

In the first embodiment, a ray that passes through the Z-axis 
in the exit pupil surface S1 from the center of the exit pupil S1 
is defined as a center ray corresponding to an angle of view. 

In the display optical system illustrated in FIG. 1, among 
most peripheral images on the local meridional plane on the 
display surface (LCD10), a ray that passes through the height 
f3 of a most peripheral image at a side remote from the exit 
pupil S1 and the center of the exit pupil S1a is defined as an 
f3 central ray, and a ray that passes through the height f2 of a 
most peripheral image at a side adjacent to the exit pupil S1 
and the exit-pupil center S1a is defined as an f2 central ray. 
A ray that passes through the middle of height of an image, 

f1, and the exit-pupil center S1a from the exit pupil S1 is 
defined as an f1 central ray. At this time, a plane that is parallel 
to the x-y plane of the optical surface of the cemented lens 34 
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and that passes through a point, P. of intersection of the f3 
central ray and the f2 central ray is defined as a pupil image 
plane. 

With respect to the decentered optical system according to 
the present embodiment, the diameter of the exit pupil at the 
position of a pupil of a viewer and a pencil of rays entering the 
diameter of the exit pupil are subjected to reverse ray tracing 
from the exit pupil S1 at the viewer side to the optical surface 
of the light source unit 30 (the optical surface S24 of, for 
example, a diffuser that receives light from the light emitting 
device). 

This reveals that the angle of incidence of a pencil of rays 
and the F-number vary in accordance with a position on the 
LCD 10 due to effects from decentering of the optical system 
and rotationally asymmetric Surface. 

In addition, reverse ray tracing from the LCD 10 to the 
optical surface S24 of the light source unit 30 is performed. 
This reveals that a pencil of rays on the optical surface S24 
does not Substantially form a pupil image and variations occur 
in the density of the pencil of rays on the optical surface S24 
and the angle of the pencil of rays due to effects of the 
decentering of the display optical system and the rotationally 
asymmetric Surface and the optical elements eccentrically 
positioned. 

Therefore, if the optical surface S24 is formed such that 
uniform luminance is obtained by diffusion of light from the 
light emitting device in the light Source unit 30, depending on 
the illumination optical system, luminance non-uniformity 
may occur on the LCD 10 at the time when the light is guided 
to the LCD 10. In this case, if the luminance non-uniformity 
occurring on the LCD 10 is guided to the pupil S1 of a viewer 
by the display optical system, the viewer perceives luminance 
non-uniformity in a displayed image. Because diffusion 
directivity characteristics of a pencil of rays exiting from the 
optical Surface S24 in Such an illumination optical system are 
uniform independently of a position, light exits from the 
optical Surface also in a direction in which light will not reach 
the exit pupil S1. Therefore, unnecessary illumination rays 
are present. 

In contrast to this, according to the present embodiment, 
luminance distribution is varied in accordance with the num 
ber of rays incident on the optical surface S24 of the light 
source unit 30 per unit area in a pencil of rays subjected to 
reverse ray tracing performed at predetermined angular inter 
vals from the exit pupil S1 to the optical surface S24 of the 
light source unit 30. This enables a viewer to view an image 
whose luminance non-uniformity is significantly reduced 
when viewing a pencil of rays reaching the exit pupil S1. 

In addition, diffusion directivity characteristics of the opti 
cal surface S24 are varied in accordance with distribution of 
angles of incidence of rays on positions on the optical Surface 
S24 of the light source unit 30 in a pencil of rays subjected to 
reverse ray tracing performed at predetermined angular inter 
vals from the exit pupil S1 to the optical surface S24 of the 
light source unit 30. This reduces exiting of light toward a 
direction in which light will not reach the exit pupil S1 and 
thus improves efficiency of illumination rays. 

The display optical system includes at least one optical 
element eccentrically arranged with respect to a ray reaching 
the exit-pupil center S1a of the exit pupil S1 from the center 
of the LCD 10 and at least one rotationally asymmetric sur 
face. Therefore, the entire structure of the image display 
apparatus can be miniaturized, while at the same time a com 
fortable image with reduced luminance non-uniformity can 
be viewed. 

The unit of numerical values having dimensions in the first 
numerical example, which will be described below, is in 
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8 
millimeters. According to the first embodiment, the display 
optical system can display an image having a size of approxi 
mately 18 mmx 14 mm with a horizontal angle of view of 60° 
at infinity in the Z-axis. 
To enable any viewer to view an image with a horizontal 

angle of view of 60°, the diameter of a pupil is 14 mm. 
Reverse ray tracing at equal angular intervals is performed 

on a pencil of rays determined by a pupil diameter of 14 mm 
and an angle (the horizontal angle of view is 60° and the 
vertical angle of view is 47°) of rays incident on the exit pupil 
S1 (in the present embodiment, the center ray corresponding 
to an angle of view, the f2 central ray, and the f3 central ray). 
In this case, light is incident on the optical surface S24 of the 
light source unit 30 as illustrated in FIG. 2. The same concept 
of the reverse ray tracing applies to all other the embodiments. 
Now referring to FIG. 2, when light exiting from the light 

emitting device diffuses on a diffuser 30b and exits from the 
optical surface S24, only a ray in a direction illustrated in FIG. 
2 is guided to the exit pupil S1. A large number of rays are 
present in an area 30b1, i.e., the density of a pencil of rays is 
high. The density of a pencil of rays in an area 30b2 is lower 
than that in the area 30b1. 

If it is assumed that a light source unit is used that produces 
uniform luminance distribution on the optical surface S24 
when light from the light emitting device diffuses and exits 
from the optical Surface S24, a viewer views a dark image 
when a pencil of rays that is dense in the area 30b1 is guided 
to the exit pupil S1 by the display optical system. When a 
pencil of rays that is thin in the area 30b2 is guided to the exit 
pupil S1, the viewer views a bright image. Therefore, the 
viewer views an uncomfortable image exhibiting luminance 
non-uniformity as a whole. 
To enable the viewer to view a comfortable image with 

reduced luminance non-uniformity, according to the first 
embodiment, luminance distribution on the optical Surface 
S24 of the light source unit 30 is varied. For example, the light 
source unit 30 can be formed as illustrated in FIGS. 3A and 
3B. FIGS. 3A and 3B are illustrated, looking from the side of 
the light source unit 30. 
As illustrated in FIG. 3A, the light source unit 30 is formed 

such that light emitting devices 30a and a frame 30c of the 
light source unit 30 surrounding the optical surface S24 func 
tioning as the diffuser 30b are inclined, unlike those illus 
trated in FIG. 14. More specifically, the light emitting device 
30a is arranged so as not to be diametrically opposite to the 
optical surface S24. This enables the luminance distribution 
on the optical surface S24 to have a desired state. 

Alternatively, as illustrated in FIG.3B, the light source unit 
30 is formed such that a frame 30d has a curved surface 30c1, 
unlike a frame 30d illustrated in FIG. 15. More specifically, 
the radius of curvature of a reflective surface that guides light 
from the light emitting devices 30a to the optical surface S24 
varies in accordance with a position. This enables the lumi 
nance distribution on the optical surface S24 to have a desired 
State. 

It is noted that the light emitting devices 30a may be 
replaced with a single light emitting device 30a or a planar 
light Source. Alternatively, a plurality of light emitting 
devices may be used so as to be arranged as illustrated in 
FIGS. 4A to 4D to vary the luminance on the optical surface 
S24. 

FIGS. 4A to 4D are front views of the light emitting 
devices. As illustrated in the drawings, irregular spaces 
between the plurality of light emitting devices 30a and/or 
uneven arrangement thereof can vary the luminance on the 
optical surface S24. 
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This enables the luminance in an area (30b1) where a 
pencil of rays are dense to be high and the luminance in an 
area (30b2) where a pencil of rays are thin to be low on the 
optical surface S24, and therefore, a comfortable image with 
significantly reduced luminance non-uniformity can be 
viewed at the exit pupil S1. 

Referring to FIG. 2, for the area 30b1 on the optical surface 
S24, rays exit in inclined directions with respect to the direc 
tion of the normal to the optical surface S24. 

Therefore, the light source unit 30 may have a structure 
illustrated in FIG. 5 that increases the luminance in the area 
3Ob1. 

For the light source unit 30 illustrated in FIG. 16, a pencil 
of rays exiting from the optical surface S24 has uniform 
diffusion directivity. In contrast to this, according to the 
present embodiment, as illustrated in FIG. 5, since the dis 
tance between the light emitting device 30a and the optical 
Surface S24 varies in accordance with a position on the optical 
surface S24, rays can exit from the optical surface S24 so as 
to have diffusion directivity that enables rays exiting from the 
area 30b1 to efficiently reach the exit pupil. 

Alternatively, the light source unit 30 may have a structure 
illustrated in FIG. 6, in which the diffuser 30b is curved so as 
to enable rays exiting from the area 30b2 to efficiently reach 
the exit pupil S1 in the optical system. 

Therefore, all a pencil of rays exiting from the light source 
unit 30 can reach the pupil S1 of a viewer. As a result, even 
with the same light emitting devices, a bright image with 
reduced luminance non-uniformity can be displayed. 

If an image to be viewed has the same brightness, the 
number of light emitting devices can be reduced. Moreover, 
because a current of a light source can be reduced to a low 
value since the light emitting devices emit light, heat gener 
ated by the apparatus can be suppressed. This leads to an 
advantage of reducing the workload for a special unit for 
dissipating heat and thus reducing the weight of the appara 
tuS. 

An element that has a periodic structure that regulates an 
angular aperture. Such as a prism sheet, a Fresnel lens, or a 
hologram sheet, may be disposed between the light emitting 
devices 30a and the optical surface S24. This enables a pencil 
of rays whose diffusion directivity is regulated to exit from 
the optical surface S24. The same applies to the second to 
fourth embodiments, which will be described below. 
The light source unit is not limited to the structure 

described above. The shape of the light source unit can be 
varied in accordance with the density of rays on the optical 
surface or the diffusion directivity in reverse ray tracing of the 
display optical system and the illumination optical system. 

Second Exemplary Embodiment 

FIG. 7 is a schematic diagram that illustrates a main portion 
of a head-mounted display being an image display apparatus 
according to a second embodiment of the present invention. 
Optical data for the second embodiment will be shown in a 
second numerical example below. In FIG. 7, components 
having the same reference numerals as in FIG. 1 have similar 
functions and operations. Thus, repetitive description of the 
same is omitted. 

Differences between the second embodiment and the first 
embodiment include an optical element 9 having a negative 
refractive power is provided between the exit pupil S1 and the 
optical element 1; the lens element 3 and the lens element 4 
are not joined together but are separated; and the position of 
the light source unit 30 with respect to the LCD 10 is changed. 
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The unit of numerical values having dimensions in the 

second numerical example, which will be described below, is 
in millimeters. According to the present embodiment, the 
display optical system can display an image having a size of 
approximately 18 mmx14 mm with a horizontal angle of view 
of 60° at infinity in the Z-axis. To enable any viewer to view an 
image with a horizontal angle of view of 60°, the diameter of 
a pupil is 14 mm. 

FIG. 8 illustrates how rays exit from the optical surface S24 
of the light source unit 30 when reverse ray tracing is per 
formed on the second embodiment. In particular, the number 
of rays is large, i.e., the density of a pencil of rays is high in the 
area 30b 1. Therefore, the luminance on the optical surface 
S24 of the light source unit 30 is varied by optimizing the 
shape of the light source unit 30 and arrangement of the light 
emitting devices 30a. More specifically, the luminance is high 
in the area 30b1 and is low in the other area 30b2. Therefore, 
a comfortable image with significantly reduced luminance 
non-uniformity as the entire display optical system can be 
viewed. 

Still referring to FIG. 8, from the viewpoint of the optical 
surface S24, for all areas, rays exit in inclined directions with 
respect to the direction of the normal to the optical surface 
S24. 

Therefore, the system has a structure in which the diffusion 
directivity of rays exiting from the optical surface S24 
matches with the direction of incidence of rays on each posi 
tion on the optical Surface S24 in ray tracing from the exit 
pupil to the optical surface S24. This structure enables all rays 
exiting from the light source unit 30 to reach the pupil S1 of 
a viewer. As a result, even when the same light emitting 
devices are used, the viewer can view a bright image with 
reduced luminance non-uniformity. 

Third Exemplary Embodiment 

FIG.9 is a schematic diagram that illustrates a main portion 
of a head-mounted display being an image display apparatus 
according to a third embodiment of the present invention. 
Optical data for the third embodiment will be shown in a third 
numerical example below. In FIG.9, components having the 
same reference numerals as in FIG. 1 have similar functions 
and operations. Therefore detailed description of the same is 
omitted. 

Differences between the third embodiment and the first 
embodiment include the planar element 6 be omitted; and 
also the position of the light source unit 30 with respect to the 
LCD 10 is changed. 
The unit of numerical values having dimensions in the third 

numerical example, which will be described below, is in 
millimeters. According to the present embodiment, the dis 
play optical system can display an image having a size of 
approximately 18 mmx14 mm with a horizontal angle of view 
of 60° at infinity in the Z-axis. To enable any viewer to view an 
image with a horizontal angle of view of 60°, the diameter of 
a pupil is 14 mm. 

FIG. 10 illustrates how reversely traced rays exit from the 
optical surface S24 of the light source unit 30 when reverse 
ray tracing is performed on the third embodiment. 

In particular, the number of rays is large, i.e., the density of 
a pencil of rays is high in the area 30b 1. Therefore, the 
luminance on the optical Surface S24 of the light source unit 
30 is varied by optimizing the shape of the light source unit 30 
and arrangement of the light emitting devices 30a Such that 
the luminance is high in the area 30b1 and is low in the other 
areas. Therefore, a comfortable image with significantly 
reduced luminance non-uniformity can be viewed. 
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Still referring to FIG. 10, from the viewpoint of the optical 
surface S24, for all areas, rays exit in inclined directions with 
respect to the direction of the normal to the optical surface 
S24. Therefore, the system has a structure in which light from 
the light emitting devices exists from the optical surface S24 
with diffusion directivity matching with diffusion directivity 
of rays determined by the reverse ray tracing. 

This structure enables all rays exiting from the light source 
unit 30 to reach the pupil S1 of a viewer. As a result, even 
when the same light emitting devices are used, the viewer can 
view a bright image with reduced luminance non-uniformity. 

Even in the same display optical system, if the light source 
unit 30 is disposed as illustrated in FIG. 11, when reverse ray 
tracing is performed, the density distribution of rays on the 
optical surface S24 of the light source unit 30 is different from 
FIG. 10. In FIG. 11, the density is higher in the area 30b1. 

Diffusion directivity characteristics of rays are also very 
different. According to the third embodiment, the diffusion 
directivity characteristics in an area 30b3 are significantly 
different from FIG.10. Therefore, the light source unit having 
a different structure from that in FIG. 10 that enables all a 
pencil of rays exiting from the light source unit 30 to reach the 
exit pupil S1 of a viewer allows a viewer to view a comfort 
able image with reduced luminance non-uniformity. 

Since all a pencil of rays exiting from the light source unit 
30 can reach the pupil S1 of a viewer, even when the same 
light emitting devices are used, a bright image with reduced 
luminance non-uniformity can be displayed. 

Fourth Exemplary Embodiment 

FIG. 12 is a schematic diagram that illustrates a main 
portion of a head-mounted display being an image display 
apparatus according to a fourth embodiment of the present 
invention. Optical data for the fourth embodiment will be 
shown in a fourth numerical example below. 

In FIG. 12, the optical element 1 is a prism that includes a 
transparent medium with four optical Surfaces A, B, C, and D. 
The transparent medium has a material refractive index of 
greater than one. Each of the optical elements 2 and 3 is a 
prism that includes a transparent medium with two optical 
Surfaces. The transparent medium has a material refractive 
index of greater than one. 

Each of the lens elements (optical elements) 4 and 5 has 
two surfaces. The lens elements 4 and 5 are attached together. 
The apparatus also includes a half-mirror surface 11. The 
LCD 10 is configured to display an image. 

According to the present embodiment, each of all Surfaces 
forming the optical elements 1, 2, and 3 is symmetrical with 
respect to only the Surface of the drawing (y-Z plane). 

SURF X 

O.OOO 
O.OOO 
O.OOO 
O.OOO 
O.OOO 
O.OOO 
O.OOO 
O.OOO 
O.OOO 
O.OOO 
O.OOO 
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Next, how light emitted from the light source unit 30 travels 

will now be described. Light emitted from the light source 
unit 30 is linearly polarized when passing through the polar 
izer 14. The light is then reflected by the half-mirror surface 
11 and is directed toward the reflective LCD 10. The light 
obliquely incident on the LCD 10 and then obliquely reflected 
by the LCD 10 passes through the half-mirror surface 11 and 
the polarizer 7 and is directed toward the optical element 5. 
The light incident on the optical element 5 passes through 

the optical elements 4.3, and 2 in sequence. The light is then 
incident on the optical element 1 from the surface D. The light 
incident on the optical element 1 is reflected by the surface C. 
then reflected by the surface A, and then reflected by the 
surface B. The light exists from the optical element 1 through 
the surface A toward the exit pupil S1. 
The unit of numerical values having dimensions in the first 

numerical example, which will be described below, is in 
millimeters. According to the first embodiment, the display 
optical system can display an image having a size of approxi 
mately 18 mmx 14 mm with a horizontal angle of view of 60° 
at infinity in the Z-axis. 
To enable any viewer to view an image with a horizontal 

angle of view of 60°, the diameter of a pupil is 14 mm. FIG. 
13 illustrates how reversely traced rays exit from the optical 
surface S24 of the light source unit 30 when reverse ray 
tracing is performed on the fourth embodiment. In particular, 
the number of rays is large, i.e., the density of a pencil of rays 
is high in the area 30b 1. Therefore, the luminance on the 
optical surface S24 of the light source unit 30 is varied by 
optimizing the shape of the light source unit 30 and arrange 
ment of the light emitting devices 30a such that the luminance 
is high in the area 30b1 and is low in the other areas. 

Therefore, a comfortable image with significantly reduced 
luminance non-uniformity can be viewed. Referring to FIG. 
13, from the viewpoint of the optical surface S24, for all areas, 
rays exit in inclined directions with respect to the direction of 
the normal to the optical surface S24. 

Therefore, the system has a structure in which light from 
the light emitting devices exists from the optical surface S24 
with diffusion directivity matching with diffusion directivity 
of rays determined by the reverse ray tracing. 

Therefore, all a pencil of rays exiting from the light source 
unit 30 can reach the pupil S1 of a viewer. As a result, even 
when the same light emitting devices are used, a bright image 
with reduced luminance non-uniformity can be displayed. 

Numerical Examples for the Exemplary 
Embodiments 

The numerical examples for the first to fourth embodi 
ments are described below in Tables I through IV. 

TABLE I 

First Numerical Example 

Y Z. A. R typ Nd wd 

O.OOO O.OOO O.OOO O.OOOO SPH 1.OOOO O.O 
9.36S 21.886 -0.529 -284.2114 FFS1 1.S300 SS.8 

-2.638 34.455 -31.052 -72.0536 FFS2 -15300 SS.8 
9.36S 21.886 -0.529 -284.2114 FFS1 1.S300 SS.8 

30.738 47.306 48.060 -189.3367 FFS3 -15300 SS.8 
9.36S 21.886 -0.529 -284.2114 FFS1 1.S300 SS.8 

-2.638 34.455 -31.052 -72.0536 FFS2 15300 SS.8 
-2.638 34.455 -31.052 -72.0536 FFS2 15300 SS.8 
-5.791 39.117 -46.389 -569404 FFS4 10000 
-7.538 37.525 -53.721 18.2091. SPH 1.487S 70.2 

-16.1OS 43.813 -53.721 -21.5267 SPH 1.7618, 26.5 
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This application claims the benefit of Japanese Application 
No. 2006-240063 filed Sep. 5, 2006, which is hereby incor 
porated by reference herein in its entirety. 

What is claimed is: 
1. An image display apparatus comprising: 
an image display unit; 
a light source unit including a light emitting device and an 

optical Surface that receives light from the light emitting 
device; 

an illumination optical system configured to guide light 
from the optical surface of the light source unit to the 
image display unit; and 

a display optical system configured to guide light from the 
image display unit to a viewer, 

wherein the light source unit is formed such that, when rays 
are traced from an exit pupil of the display optical sys 
tem to the optical Surface, luminance of the optical Sur 
face in an area where there are many rays incident on the 
optical Surface is higher than luminance of the optical 
Surface in an area where there are few rays incident on 
the optical Surface; and 
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wherein the light source unit includes a curved reflective 

Surface that guides light from the light emitting device to 
the optical surface, the curved reflective surface having 
different radii of curvature according to a position 
thereon. 

2. The image display apparatus according to claim 1, 
wherein the display optical system includes a rotationally 
asymmetric optical Surface. 

3. The image display apparatus according to claim 1, fur 
ther comprising a surface functioning to transmit and reflect 
light and being concave with respect to the image display unit 
in a plane that contains a center ray corresponding to an angle 
of view, 

wherein the Surface functioning to transmit and reflect light 
reflects light emerging from the light source unit and 
guides the light to the image display unit, and the Surface 
functioning to transmit and reflect light transmits light 
reflected from the image display unit. 

4. The image display apparatus according to claim 1, 
wherein the light emitting device and the optical Surface are 
arranged so as not to be diametrically opposite each other. 

k k k k k 


